It is not known for certain that dental stone components influence titanium welding.
In this study, we investigated metallurgical problems caused by laser welding on dental stones using wrought commercial pure (CP) titanium. A pulsed Nd: YAG laser irradiated a number of specimens' surfaces which were fixed on either a dental hard stone or a titanium plate. The metallurgical properties of the weld were evaluated using the Vickers hardness test, microstructure observation, fractured surface observation and quantitative analysis of oxygen and hydrogen.
In the weld formed on the dental stone there was an increase in hardness, the existence of an acicular structure and a brittle fractured surface, and an increase in the oxygen and hydrogen concentrations compared with base metal. In the weld formed on the titanium plate, these changes were not observed. Therefore, it was demonstrated that laser welding on dental stones made the welds brittle.
INTRODUCTION
The soldering method has mainly been used for joining dental metals. Recently, laser welding has been applied in dental laboratories.
Laser welding is now used for correcting casting defects, correcting occlusal or proximal surfaces of prostheses, repairing metal plates and joining crowns and bridges1,2). Basic studies and clinical applications of laser welding have increasingly been reported3-9), and further use of laser welding is expected.
Compared to the conventional soldering method, laser welding has many advantages, including the following: joining between base metals is possible, pretreatments such as the investing of prostheses and preliminary heating are unnecessary, and the joining of titanium, difficult to do using the soldering method, is possible. However, it has been reported that sufficient mechanical properties were not present in some combinations of different joining materials, and welding defects such as cracks and porosities resulted10,11 Laser welding has not been sufficiently evaluated. In clinics, laser irradiation conditions and methods have been determined by dental technicians' experiences.
Furthermore, although prostheses have sometimes been laser welded onto dental stone models, Himi12,13) reported that since the ability of dental stone to retain dental metals is poor, laser welding on dental stone models caused a deterioration in accuracy.
In laser welding on dental stones, metallurgical problems are considered in addition to problems in accuracy. It is suspected that during welding on dental stone, dental stone components and water vapor are volatilized by laser irradiation and entrapped in weld metal. Usually, when oxygen and hydrogen are included in metals during welding, the metals are made brittle14). Recently, titanium has been recognized as a dental metal due to its excellent biocompatibility, anti-corrosiveness, and mechanical characteristics.
It has been also reported that titanium has excellent laser weldability11). However, titanium easily reacts with gas and impunity during welding at high temperatures.
In this study, we investigated the metallurgical problems of commercial pure (CP) titanium caused by laser welding on dental stones.
MATERIALS AND METHODS

Materials
Wrought CP titanium specimens [components presented by the manufacturer: H: 0.0018, O: 0.093, N: 0.003, Fe: 0.048wt%, Ti: Bal.; JIS grade 2, Sumitomo Metals (Naoetsu), Niigata, Japan] used. The specimens were industrially machined 30mm long, 10mm wide, and 1mm thick. All the specimens were used as-received and ultrasonically cleaned with acetone for 5 minutes before laser welding. A CP titanium plate and a dental stone plate were used as worktables for welding. The dental stone plate produced was approximately 10mm thick by mixing dental hard stone (New Fujirock, Lot No.080581, GC, Tokyo, Japan) according to the manufacturer's instructions.
Laser welding methods A pulse Nd: YAG laser welding apparatus (ML-2651A, Miyachi Technos, Tokyo, Japan) was used for laser welding.
The pulse width in this apparatus can be changed within the range of 0.5-30ms, and irradiation power per pulse can be set up to a maximum of 10kW by increasing the lamp applied voltage.
Oscilated laser transmitted through a graded-index type fiber of 0.6mm in diameter was focused on the specimen surface using a condenser lens 120mm in focal length. Fig. 1 shows the fixation methods of the specimen and welds on a specimen's surface. The specimens for evaluating hardness, microstructure observation, and oxygen and hydrogen concentrations were fixed with a gap of 1mm left between the dental stone plate or the titanium plate. Then a single pulse laser irradiated the overlapping spot welds so that the welds covered the whole specimen surface. The specimens for fractured surface observation were butt-welded by overlapping five spot welds. The upper surfaces of the specimens were press down with two 50g weights. The and the means and standard deviations were calculated. Two-way analysis of variance (ANOVA) was used to evaluate the effect of the types of worktable and irradiation energy (p<0.05). Moreover, the t-test was used to evaluate the effect of the hardness of the weld formed on the dental stone or the titanium plate under each irradiation energy condition and that of the base metal (p<0.05). 2. Microstructure observation of the weld The laser welds were cut vertically to the laser irradiated surface using a low speed precision cutter (Isomet Low Speed Saw, Buehler, Illinois, USA). After cutting, the welds were embedded in phenolic resin and polished as in the hardness measurement. The resin-embedded specimens were corroded with a mixture of 47% hydrofluoric acid, 61% nitric acid and distilled water at a volume ratio of 8:3:31. The microstructure was observed using an optical microscope (BM-60, Olympus, Tokyo, Japan). 3. Fractured surface observation of the weld The butt joint welded specimens were forced to break, and the fractured surface was observed using a scanning electron microscope (S-4000, Hitachi, Tokyo, Japan).
Measurement of oxygen and hydrogen concentrations in the weld
The specimens with which welds were formed on the whole specimen surface were cut into smaller specimens 3mm long, 7mm wide, and 1mm thick for the oxygen and hydrogen concentrations analysis. The laser irradiation conditions used for the specimens were irradiation energy with values of 35.0 and 40.0J/P. Thereafter, the oxygen concentration was analyzed using the inert gas fusion infrared absorption method (TC-436AR Oxygen, Nitrogen and Argon analyzer, Leco, Michigan, USA), and the hydrogen concentration was analyzed by the inert gas fusion thermal conductivity method (RH-404 Hydrogen analyzer, Leco, Michigan, USA). Furthermore, the control group, oxygen and hydrogen concentrations of the base metal were analyzed using the same method. One specimen was measured of each condition. Fig. 2 shows the results of the Vickers hardness test. The hardness of the weld formed on the dental stone was higher than that of the base metal under every irradiation energy condition. The highest value was 352.4Hv at an irradiation energy of 40.0J/P. It had twice the level of hardness of the base metal (161.9Hv). On the other hand, the hardness of the weld formed on the titanium was roughly the same as that of the base metal.
RESULTS
Hardness of the weld
As a result of two-way ANOVA, significant differences were noted between the types of worktable and among the values of irradiation energy (p<0.05). The welds formed on the dental stone plate became harder than the welds formed on the titanium plate. Thereafter, as a result of the t-test, significant differences were noted in the hardness of the welds formed on the dental stone under every irradiation On the other hand, significant differences were not noted in the weld formed on the titanium plate (p<0.05).
Microstructure observation Fig. 3 shows microstructure observation in the weld. An acicular structure and columnar grains were observed in the weld formed on the dental stone (Fig. 3a) . The acicular structure spread to the whole weld according to increases in irradiation energy (Fig. 3b) . On the other hand, only columnar grains were observed in the weld formed on the titanium, the acicular structure observed in the weld formed on the dental stone was not detected (Fig. 3c) . Although no cracks were present in any weld, porosity was observed in the weld formed on the dental stone plate when irradiation energy increased.
Fractured surface of the weld Fig. 4 shows the fractured surface of the weld formed on the dental stone and Fig. 5 shows the fractured surface of the weld formed on the titanium. The fractured surface of the weld formed on the dental stone had dimple patterns in some areas , which suggested a ductile fracture, and the quasi-cleavage fractured surface suggesting a quasi-cleavage fracture of hydrogen embitterment and an intergranular fracture of hydrogen embitterment.
The quasi-cleavage fractured surface spread to the On the other hand, the fractured surface of the weld formed on the titanium only had dimple patterns on the whole fractured surface without showing a quasi-cleavage fractured surface.
Oxygen and hydrogen concentrations in the weld Fig. 6 shows oxygen and hydrogen concentrations in the weld. The oxygen and hydrogen concentrations in the weld formed on the dental stone at the irradiation energies of 35.0 and 40.0J/P were higher than those in the base metal. 
